High-quality InGaN films were successfully grown on a Ga-polarity GaN underlayer by plasma-assisted molecular-beam epitaxy (rf-MBE) with good reproducibility. X-ray diffraction (XRD) results showed that there was no phase separation of In with the In mole fraction up to 0.36. Intense photoluminescence emissions from the InGaN films were obtained. Clear evidence was obtained for the difference in the quality between InGaN films grown on the Ga-polarity and those grown on N-polarity GaN buffer layers, in which the Ga-polarity GaN buffer is preferred. Our results provide a basis for fabricating high-quality InGaN/(Al, Ga)N heterostructures for optical and electronic device applications by rf-MBE.
Wide-band-gap GaN and related III-nitride materials have attracted a great deal of attention due to their potential applications in optical and electronic devices. [1] [2] [3] In particular, InGaN-based blue-green light-emitting diodes (LEDs) and laser diodes (LDs) have been commercialized. 4) Several papers on InGaN films and InGaN/(Al, Ga)N quantum well structures grown by metalorganic chemical vapor deposition (MOCVD) have been reported. [5] [6] [7] However, there are limited reports on the InGaN growth by molecular-beam epitaxy (MBE), [8] [9] [10] particularly by plasma-assisted MBE (rf-MBE). The reason for the difficult growth of high-quality InGaN films by MBE is still unknown. Recently, lattice polarity in III-nitride films has become an important topic due to its great influence on the optical and electrical properties of the films. 11, 12) We have proposed that high-quality GaN films are obtained by rf-MBE, if the growth is carried out under the Ga-polarity mode. 13, 14) Based on this point of view, we expect that the growth of high-quality InGaN films with good structural and optical properties is possible on a Ga-polarity GaN underlayer. If this is true, it will enable the fabrication of high-quality InGaN-based heterostructures for optical and electronic device applications by rf-MBE.
In this paper, we report on the growth and characterization of InGaN films on Ga-polarity GaN buffer layers by rf-MBE, where Ga-polarity GaN buffer layers are also grown on sapphire (0001) substrates by rf-MBE. X-ray diffraction (XRD) and photoluminescence (PL) were used to characterize the quality of the grown InGaN films.
GaN films with Ga-polarity were prepared on sapphire (0001) substrates by rf-MBE using a high-temperature (HT) AlN buffer layer. Details of the lattice-polarity control and the characterization of the GaN films have been published elsewhere. 15) After the growth of the HT AlN buffer layer and 0.7-µm-thick GaN film at 700
• C, the growth temperature was reduced for the growth of InGaN films. The growth temperatures for the InGaN growth in this study were set at 560 and 610
• C. During the growth, the N 2 -plasma power was 370 W. The N 2 flow rates were 5.0 sccm for the GaN growth Figure 1 illustrates the XRD results of InGaN films grown on the Ga-polarity GaN. It is clear that well-resolved InGaN peaks are observed together with the GaN ones. We confirmed by XRD reciprocal space mapping measurements that the InGaN films are completely relaxed from the GaN films underneath. The In mole fractions of the InGaN films were calculated assuming that Vegard's law is valid. The calculated values for the In mole fraction of the InGaN films varied from 0.01 to 0.36. The values of full width at half maximum (FWHM) for (0002) InGaN diffraction peaks were below 10 arcmin. The narrowest one was 2.88 arcmin (x = 0.08) and the widest one was 9.6 arcmin (x = 0.36). These results are comparable to those grown by MOCVD. 16) Furthermore, no phase separation of In was observed in our XRD measurements for the In mole fraction up to 0.36. The XRD results indicate that structurally high-quality InGaN films were obtained by growing InGaN on Ga-polarity GaN films. In the case of the InGaN grown on N-polarity GaN, we also confirmed the formation of InGaN with the In mole fraction of
0.11. However, the FWHM for (0002) InGaN diffraction peaks was 24 arcmin. It is known that the In mole fraction can be controlled by changing the growth temperature and the source flux. 17, 18) We succeeded in controlling the In composition by changing these two parameters. The results are shown in Fig. 2 . It is clear that the In composition of the InGaN films is proportional to the ratio of the In flux to the total fluxes (flux Ga + Flux In ) linearly at 560
• C, while In compositions decrease at 610
• C with the same In flux. The difference in the In compositions between the two growth temperatures is attributed to the different sticking coefficient of In on the grown surface. The higher the growth temperature, the lower the sticking coefficient of In. This agrees with the results reported by other groups. [16] [17] [18] Our results demonstrate that the In composition of the InGaN films grown on the Ga-polarity GaN by rf-MBE can be controlled with good reproducibility.
The In composition of InGaN films from 0 to 1 has been realized. 18) However, optical properties, such as PL were poor for the InGaN films with an In composition of more than 0.3. 16) In the case of MBE-grown InGaN films, PL emission was obtained only for those with an In composition of less than 0.29. 9, 10) This is attributed to the poor-quality of the InGaN films with high In mole fractions. In our case, we obtained intense PL emissions from all of our InGaN films, even from those with the In mole fraction of 0.36. Figure 3 illustrates the PL results using a He-Cd laser (325 nm with 30 mW output) of a In 0.08 Ga 0.92 N sample at room temperature (RT) and 4.2 K. The peak intensities were normalized in the graph. Good optical properties are achieved. The FWHM values of the PL peak are 20 nm (128 meV) and 16.8 nm (110 meV) at RT and 4.2 K, respectively. The PL linewidth of our sample is comparable to the result (126 meV in FWHM at the same wavelength range) reported by Nakamura et al., 16) indicating the good optical property of our InGaN films. Furthermore, the peak wavelength at 4.2 K shows 3.4 nm blue shift compared with that at RT, and the peak intensity at 4.2 K is about 100 times stronger than that at RT. The PL peak wavelength of the sample is similar to those reported by Takeuchi et al., 19) however, it shows redshift compared with that reported by Nakamura et al. 16) The difference is attributed to the different estimated In compositions. The well-used XRD measurements can yield different In compositions depending on whether InGaN films on the GaN are strained or relaxed, where In compositions are overestimated from the strained InGaN films. 20, 21) Our relaxed InGaN films mentioned previously gave similar PL emissions as those previously reported, [19] [20] [21] when the strain effect on the In composition determination was taken into account. We also investigated the InGaN films grown on the N-polarity GaN, however, no PL emission was observed even at a low temperature. This indicates that the optical qualities of InGaN films are completely different between the two lattice-polarity cases.
The above results demonstrate that high-quality InGaN films with the In mole fraction up to 0.36 are grown on the Ga-polarity GaN by rf-MBE with good reproducibility. No phase separation was observed by XRD measurements. Here, we emphasized that the Ga-polarity GaN film is necessary as an underlayer for the MBE growth of high-quality InGaN films. In the case of the N-polarity GaN as an underlayer, the formation of InGaN films was confirmed by XRD measurements, however, a large FWHM value for the XRD peak and no PL emission indicate the poor-quality of the InGaN films. It is well accepted that the lattice polarity of GaN grown by MOCVD is mainly Ga-polarity, while the GaN films grown by conventional MBE always exhibit N-polarity or a mixture of polarities.
11) Therefore, it can be understood from the results why it has been much more difficult to grow high-quality InGaN films by MBE than by MOCVD. We believe that a much more stable surface and high-quality Ga-polarity GaN films as underlayers cause 22) a stable and uniform InGaN growth.
In summary, high-quality InGaN films were grown on the Ga-polarity GaN by rf-MBE. XRD measurements showed that there was no phase separation of In with the In composition up to 0.36. Intense PL emissions from the InGaN films were obtained. Furthermore, it was demonstrated that InGaN films grown by rf-MBE on the Ga-polarity GaN were well reproducible. As a comparison, InGaN films grown on the N-polarity GaN show large FWHM values for XRD peaks and no PL emissions were observed. Our results provide the basis for fabricating high-quality InGaN/(Al, Ga)N het- erostructures for optical and electronic device applications by rf-MBE.
